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Abstract. A great increase in the amount of energy generated 
from clean and renewable sources integrated in the electric power 
system is expected worldwide in the coming years. High Voltage 
Direct Current (HVDC) systems are seen as a promising 
alternative to the traditional Alternating Current (AC) systems for 
the expansion of the electric power system. However, to achieve 
this vision, there are some remaining challenges regarding HVDC 
systems which need to be solved. One of the main challenges is 
related to fault detection and location in HVDC grids. This paper 
reviews the main protection algorithms available and presents the 
evaluation of a local fault detection algorithm for DC faults in a 
multi-terminal Voltage Source Conversion (VSC) based HVDC 
grid. The paper analyses the influence of the DC voltage sampling 
frequency and the cable length in the performance of the 
algorithm. 
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1. Introduction 
Historically, power systems have been mostly based in AC 
systems; consequently, DC systems are a minor part in the 
worldwide system. 
Nowadays, however, HVDC technology offers great 
characteristics. Accordingly, HVDC systems are forecasted 
as the most promising solution for future expansions of the 
grid, new interconnections between nations or the 
connection of large power plants located in remote areas. 
Some of these advantages over the AC option are the lesser 
number of electrical conductors needed to transmit the 
same amount of power (two poles in DC, three poles in AC) 
and the lower power losses in long distance power links. 
These characteristics make HVDC systems a cheaper 
solution. The relationship between costs and transmission 
distance for HVDC and HVAC technologies is shown in 
Fig. 1. 
Despite that, there are still unresolved technical issues in 
the DC side regarding fault detection and clearance. Due to 
the reduced line resistance of DC electrical conductors, two 
critical conditions take place during fault conditions; the 
current increases very fast and the propagation of the 
voltage drop is large and system wide. The former implies 
a major problem since overcurrents can cause important 
damages in the power electronic components of the 
converters; even their destruction [1]. This is especially 
important in the IGBTs of Voltage Source Converters 
(VSC). To avoid the damage, in the case of half-bridge 
converters, an internal protection trips the IGBTs. This 
way, the converter becomes an uncontrolled diode bridge 
and enables a path for the fault current and its propagation 
to the AC side of the system. 
Because of this, very fast protection systems are needed. 
They must operate in a very short time; which is assumed 
to be in the order of a few milliseconds (around 10 ms [2]). 
As a result, very fast fault detection and location algorithms 
are needed. 
Due to all this, the same protection algorithms used in AC 
systems cannot be used in HVDC systems without proper 
adaptations, but they should fulfil the same requirements: 
reliability, speed, economy, selectivity and sensitivity [3]- 
[4]. They should detect, locate and clear faults as fast as 
possible, disconnecting only the faulty part of the grid, 
keeping the healthy parts of the grid in operation. The latter 
statement is even more critical in multi-terminal and 
meshed HVDC grids.
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 Fig. 1. Cost comparison of HVAC and HVDC 
technologies. 
Fast HVDC circuit breakers (CB) are needed as well. Their 
response time must be as short as possible to prevent the 
damaging effects or even the destruction of the power 
electronic components of the converters when the current 
is higher than the withstand limits [3]. In addition, HVDC 
CBs must fulfil two functions which are not required for 
AC CBs. The first one is to produce a current zero, in order 
to assist the current interruption process since it does not 
cross zero naturally as in AC systems. The second function 
is to dissipate the energy stored in the system due to the 
fault condition [5]. 
The abovementioned functions significantly affect the 
behaviour of the HVDC CB, which is a critical device in 
the reliability of HVDC grids. Likewise, its behaviour is 
determined by its current interruption capability and its 
operation speed [6]. 
Apart from that, for longer response times of the fault 
detection algorithm, an increased current interruption 
capability is needed. Moreover, the HVDC CBs will need 
to dissipate a greater energy value, hence increasing the 
costs. Thus, it is critical to shorten the response time of the 
fault detection algorithms.  
Furthermore, the rate of rise of the current can be limited 
adjusting the value of the inductive terminations of the 
cables (DC reactors located at both ends of a cable). 
However, the size of this component affects not only the 
cost of the DC grid but also the stability [7]. 
In this paper, HVDC detection and location algorithms are 
reviewed. Afterwards, a fault detection algorithm based on 
local measurements is analysed and tested in a multi-
terminal HVDC system. Finally, the sensitivity of the 
algorithm to the DC voltage sampling frequency and cable 
length are analysed.  
2. HVDC detection and location algorithms 
As mentioned previously, detection and location 
algorithms are a very important part of the protection 
system. They need to be especially fast to help fulfilling the 
requirements of speed of HVDC protection systems. A fault 
should be detected, located and cleared as fast as possible, 
in the order of 10 milliseconds [2] to prevent, in the case of 
VSC-based systems, damage in the power electronic 
components and voltage collapse. 
Detection and location algorithms can be classified into 
direct-measurement-based algorithms and signal-
processing-based algorithms. As example of direct-
measurement-based algorithms there are the overcurrent, 
differential current and distance protection algorithms. As 
example of the signal-processing-based ones there is the 
travelling wave algorithm [3], [8]. 
Hereafter, some of these algorithms are described. 
A. Traveling wave algorithms 
When a fault occurs on a line, the fault wave is propagated 
from the fault point to the rest of the system. Different 
characteristics of the fault wave are used by protection 
systems that are based on this method for fault detection, 
location and discrimination. 
Traveling wave algorithms can be classified in single-
ended or multi-ended (synchronized) if the measurements 
they use are obtained at only one end or at both ends of the 
protected transmission line respectively [9]. 
Traveling wave algorithms have generally fast response 
and high accuracy and its results are not easily affected by 
factors like bus configuration, fault type, loading 
conditions or system parameters. 
However, they present some technical inconveniences such 
as the difficulty in the detection of the wave-front due to 
interference of signals and its dependence on the sampling 
frequency value [3], [10]-[12]. 
B. Current differential algorithms 
These algorithms are based on measuring the current at 
both line ends and comparing the difference between the 
two measurements with a threshold value. The protection 
trips if the difference is greater than the threshold [4], [8].  
Ideally, if the two current measurements are equal, there is 
no fault on the line, but if there is a difference between 
them, there is a fault on the line. In practice, a threshold 
value different than zero is used to account for 
measurement errors and other effects. 
As measurements are taken at both ends of the line, it 
presents high selectivity [4] but data must be synchronised 
and accurate line parameters along with high sampling rate 
and high communication speed is needed. For this reason, 
this algorithm is often costly [3], [13], [14]. Moreover, the 
delay time imposed by the communication system makes 
its response time slower, especially in very long cable 
length conditions. Thus, the communication delay time is a 
critical factor in the total fault clearance time [15]. For this 
matter, they are mostly used as part of a back-up protection 
system or to protect against high impedance fault 
conditions [16] 
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C. Current-based algorithms 
In this case, the DC current is locally measured. This 
measurement can be directly compared with a threshold 
value, tripping the protection if the current measurement 
overcomes a threshold or it can be mathematically 
processed using its derivative instead. Current derivative 
algorithms are usually named rate of change of the current 
(ROCOC) algorithms.   
However, these algorithms present reduced selectivity [3], 
[8], since it is a single-ended algorithm and could mistake 
an external fault of a nearby short cable as an internal fault.  
D. Voltage-based algorithms 
Similarly, the DC voltage is locally measured and, once 
again, can be directly compared with a threshold or 
mathematically processed. In this case, the protection 
system will operate if the voltage is lower than a threshold 
value. Voltage derivative algorithms are known as rate of 
change of voltage (ROCOV) algorithms. 
These algorithms are much faster than those current-based 
since the voltage drop is sharper than the increase of the 
current during fault conditions [17]. 
E. Directional protection algorithms 
In these algorithms, the current direction at both ends of the 
line is the parameter that indicates if there is a fault on the 
line, since the current values change abruptly when a fault 
occurs on the line, which cannot occur during normal 
operation [18].  
During a fault condition on the line, the current flow at one 
end of the line will be reversed, while, at the other end, it 
will continue in the same direction [18]. 
This algorithm presents better selectivity than the previous 
ones, since the direction of the fault current determines its 
operation. Nevertheless, it has the problem that some 
protections that are located near the fault may be tripped 
unnecessarily [3], [8]. 
F. Distance protection algorithms  
These algorithms estimate the fault distance by calculating 
the impedance between the protection device and the fault 
point, using voltage and current measurements.  
When applied to HVDC systems, the estimated fault 
distance may be inaccurate due to the abrupt frequency 
changes during the initial fault transients [3], [8]. 
3. Overcurrent and undervoltage algorithm 
The proposed fault detection algorithm is based on local 
current and voltage measurements. The values of the DC 
current and voltage are compared with their respective 
threshold values.  
For application in a multi-terminal HVDC grid, DC current 
and voltage measurements are taken in each end of all 
HVDC links and processed locally. Hence, this algorithm 
is part of a non-unit protection system; it is non-
telecommunication based and only local measurements are 
used. 
A fault is detected when one of the following conditions is 
satisfied: 
- the value of the DC current is greater than the 
current threshold value 
or 
- three consecutive sample values of the DC voltage 
are lower than the voltage threshold value. 
This overcurrent and undervoltage (O&U) algorithm is 
used due to its short fault detection time and fast operation 
speed. It presents great reliability as well due to using the 
current and voltage measurements separately; so, if one of 
these measuring loops presents a problem and cannot 
properly detect a fault, the system is not affected because 
the other one can continue detecting the fault 
independently. 
By using three consecutive sample values in the 
undervoltage part of the algorithm, the performance of the 
protection system is improved, presenting a better 
selectivity in its operation. With just one sample value, 
transients could be detected as faults, resulting in a non-
correct trip of the HVDC circuit breaker. 
It is important to highlight that the undervoltage detection 
algorithm is faster than the overcurrent detection algorithm 
since the voltage drop is much sharper than the increase of 
the current during fault conditions. 
Finally, when one of the above-mention conditions is 
satisfied, a fault is detected; and a signal is sent to the 
HVDC CB in order to trip and clear the fault.  
4. Study case 
The HVDC grid model proposed in [19] has been used in 
the study case to evaluate the performance of the algorithm 
described in Section 3. The model is shown in Fig. 2. 
The model includes a multi-terminal VSC-HVDC grid 
consisting of four half-bridge Modular Multi-level 
Converters (MMC). Three converters are similar, of 900 
MVA rating, and the other one is larger, of 1200 MVA.  
The converters are linked by five HVDC cables with hybrid 
HVDC circuit breakers located at each end. The operating 
time of the hybrid HVDC CBs is assumed to be 2 
milliseconds. The cables present inductive terminations, 
i.e., inductive reactors located in series with the DC CBs at 
each end of the cables. 100 mH reactors are used in order 
to limit the fast increase of the DC fault current. 
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The model presents a symmetrical monopole configuration; 
it has the inconvenient that when one of the cables is out of 
service, the power supply is stopped. 
To analyse the sensitivity and behaviour of this overcurrent 
and undervoltage algorithm a large amount of different 
fault conditions have been simulated, varying parameters 
as cable length, fault distance and DC voltage sampling 
frequency. The study has been performed using PSCAD 
software. 
A. Performance test 
The performance of the algorithm has been verified in the 
model through simulations. The algorithm accurately 
detects different fault types (pole-to-pole, positive-pole-to-
ground and negative-pole-to-ground faults) located along 
the cable length. 
To evaluate its performance, different fault conditions were 
simulated varying two parameters: cable length and DC 
voltage sampling frequency. 
1) Cable length 
To analyse the sensitivity of the O&U algorithm to different 
cable length conditions, a series of simulations varying the 
cable length where performed.  
A pole-to-pole fault was simulated; the fault point was 
located right in front of one of the relays at one end of the 
cable. A DC voltage sampling frequency of 5 kHz was 
used. 
From these simulations, it was extracted that the lowest 
fault duration time detected by the O&U algorithm 
increases exponentially with the cable length, as shown in 
Fig. 3. 
The results of the time needed for the O&U algorithm to 
detect a fault in these conditions is shown in Table I. The 
DC currents interrupted by the hybrid circuit breakers are 
presented as well (Fig. 5). 
It must be highlighted that for cable lengths of 100 and 150 
km, the closest relay to the fault point detected the fault 
with the overcurrent algorithm. In other conditions, the 
fault was detected by the undervoltage algorithm.   
Meanwhile, in the case of the farthest relay to the fault 
point, for all cable condition, the fault was detected by the 
undervoltage algorithm.  
2) DC voltage sampling frequency 
In this section, the sensitivity of the algorithm performance 
to the DC voltage sampling frequency is analysed. A pole-
to-pole fault was simulated; the fault point was located right 
in front of one of the relays at one end of the cable. 
It was verified that for higher DC voltage sampling 
frequency in the algorithm, the value of the lowest fault 
duration time detected by the algorithm is lower, and vice 
versa, as it is shown in Fig. 3. 
The times needed by both relays of the cable to detect a 
fault are presented in Fig. 4. The closest relay to the fault 
point needs a remarkably shorter time to detect the fault. 
This time can be considered constant regardless of the cable 
length. However, the farthest relay to the fault point needs 
more time to detect the fault; its fault detection time 
increases proportionally with the cable length.  
On the other hand, the CB of the closest relay to the fault 
point needs to interrupt a greater current than the CB of 
farthest relay, as it can be seen in Fig. 5. 
Another conclusion extracted from the results of the 
simulations is that the fault detection time and the current 
interrupted by the CBs would be lower when the DC 
voltage sampling frequency is higher. 
5. Conclusion 
In this paper, considering the significant prospective of 
HVDC technology in future power transmission systems 
and the actual challenge in the protection of these systems, 
an undervoltage and overcurrent algorithm is proposed and 
evaluated. To detect a fault on the cable, the algorithm uses 
direct local DC current and voltage measurements and 
compares them with an overcurrent threshold and an 
undervoltage threshold, respectively. By using consecutive 
samples of the voltage instead of just one sample, the 
selectivity of the protection system is improved. This way, 
fast voltage transients are less likely to be mistaken as 
faults. 
The reliability of the protection system is further improved 
by making the comparison of the DC current and voltage 
measurements independently. If one of the conditions 
(undervoltage or overcurrent) is satisfied, a fault is detected 
in the protected cable. Also, if one of the measuring loops 
gets damaged, the protection system can continue operating 
properly thanks to the other healthy loop. 
This O&U algorithm is tested for different fault conditions 
and with variations of different parameters, such as cable 
length and DC voltage sampling frequency. 
It is concluded that the lowest fault duration time detected 
by the algorithm increases exponentially with the cable 
length. Regarding the time needed for the algorithm to 
detect a fault, with higher DC voltage sampling 
frequencies, the fault detection is faster, and as a result, the 
circuit breaker interrupts a lower fault current. 
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Fig. 2. HVDC model schematic in PSCAD. 
Table I. Fault detection time by the O&U algorithm and value of 
the current interrupted by the circuit breaker regarding the cable 
length for the closest and farthest relay to the fault point. 
Cable 
Length 
(km) 
Closest relay to the 
fault point 
Farthest relay to the 
fault point 
Fault 
Detection 
Time (ms) 
Current 
(kA) 
Fault 
Detection 
Time (ms) 
Current 
(kA) 
100 0,35 6,423 1 3,910 
150 0,4 6,468 1,3 4,443 
200 0,45 6,357 1,6 4,933 
250 0,45 6,379 1,95 4,949 
300 0,45 6,418 2,35 4,837 
350 0,45 6,357 2,8 4,806 
400 0,45 6,308 3,35 4,908 
 
 
Fig. 3. Sensitivity of the algorithm as a function of cable length and DC voltage sampling frequency variations. 
 
Fig. 4. Fault detection times of the closest and farthest relays to the fault point as a function of DC voltage sampling frequency and cable 
length. 
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Fig. 5. Current interrupted by the circuit breakers of the closest and farthest relays to the fault point as a function of DC voltage sampling 
frequency and cable length. 
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